Introduction
Elevated blood glucose concentrations (BGC; hyperglycaemia) are a common complication of prematurity, affecting up to 80% of extremely low-birth-weight babies [1] . Hyperglycaemia has been associated with neonatal morbidity and mortality, but it is unknown whether this is a causal relationship [2, 3] . Several studies have suggested that the cause of neonatal hyperglycaemia is multifactorial, including defective insulin production and relative insulin resistance [4] , incomplete suppression of endogenous glucose production [5] and stress [6] . However, there are few data on the glycaemic regulation system in preterm babies.
Key Words Preterm infants · Hyperglycaemia · Insulin secretion · Sexual dimorphism
Abstract Background: Hyperglycaemia is a common complication of prematurity and is associated with neonatal mortality and morbidity, yet the aetiology is incompletely understood. Cpeptide has been used in adults to estimate endogenous insulin secretion due to its simple clearance kinetics. Objective: To determine insulin secretion calculated from plasma C-peptide concentrations in hyperglycaemic preterm babies. Methods: This is a retrospective analysis of a cohort of 41 very preterm babies with a median gestational age of 27.2 weeks (26.2-28.7) enrolled in a randomised controlled trial of tight glycaemic control when they developed hyperglycaemia (2 consecutive blood glucose concentrations, BGC, > 8.5 mmol·l -1 ). Insulin secretion was determined using a steady state analysis of a 2-compartment C-peptide kinetic model. Results: BGC, plasma insulin concentration, plasma C-peptide concentrations, and insulin secretion were higher at randomisation than 1-2 weeks following randomisation (p ≤ 0.02). Insulin secretion was higher in girls at 11. Insulin secretion in preterm babies, determined by plasma insulin concentrations, is responsive to systemic glucose and amino acids [7] . In adults, insulin secretion is increased by incretins and suppressed by catecholamines and cortisol. Insulin is cleared by both the kidneys and the liver in a highly variable manner, as well as being cleared in peripheral tissues, making plasma insulin concentrations an inaccurate measure of insulin secretion. Pancreatic insulin secretion has been estimated in adults using models of C-peptide kinetics [8] . C-peptide is secreted in equimolar quantities with insulin but is only cleared by the kidneys. Therefore, the relatively simple kinetics of C-peptide provide a more accurate method of estimating insulin secretion [8] .
The aim of this study was to determine insulin secretion (calculated retrospectively from plasma C-peptide concentrations) in preterm babies enrolled in a randomised controlled trial of tight glycaemic control [9] to determine predictors for insulin secretion in hyperglycaemic preterm babies. The work was conducted at the Liggins Institute, University of Auckland, Auckland, New Zealand.
Methods
Plasma samples were collected from 88 preterm babies during a prospective, randomised trial of tight glycaemic control of preterm babies (the HINT trial [9] , Australian Clinical Trials Registry 12606000270516). The study was approved by the Northern X ethics committee, and written informed consent was obtained from a parent of each child. This trial compared tight glycaemic control, using insulin to maintain the BGC at 4-6 mmol·l -1 , in hyperglycaemic preterm babies with standard care (control group) at the National Women's Health NICU, New Zealand [9] . Babies were eligible for enrolment if they were born at <30 weeks' gestational age (GA), or if birth weight was <1,500 g, and had become hyperglycaemic (two consecutive BGC measures >8.5 mmol·l -1 at least 4 h apart). Babies were randomised when they became hyperglycaemic (usually 4-5 days postnatal age). Parenteral nutrition was commenced within the first day after birth and enteral feeds with small amounts of breastmilk were usually started in the first 1-2 days after birth. Small for GA was defined as less than the 10th percentile on population-based growth charts. Birth weight Z scores were calculated based on a similar published data cohort (N.S.W., Australia) [10] . Lactose is comprised of both glucose and galactose (of approximately equal molar mass), with only glucose directly contributing to BGC. Therefore, glucose appearance from lactose was estimated as half the available lactose.
Nutritional intake, BGC, growth, and insulin infusions were recorded. Blood samples were taken at randomisation, 7 and 14 days after randomisation and at 36 weeks' GA. Plasma insulin, insulinlike growth factor 1 (IGF-1) and glucose concentrations were measured, and remaining plasma samples were frozen. BGC were taken when clinically indicated and determined using a glucose oxidase method (ABL 700, Radiometer Ltd., Copenhagen, Denmark). Plasma insulin concentrations were measured on an Azsym system auto-analyser (Abbott Laboratories, Abbott Park, Ill., USA) [9] .
Retrospective C-peptide analysis was carried out on samples with sufficient remaining plasma from samples taken 0-15 days after randomisation at a GA <32 weeks. Plasma C-peptide concentrations were determined using immunometric assays (Elecsys 2010, Roche Diagnostics, Mannheim, Germany).
Plasma C-peptide concentrations were used to estimate insulin secretion, using the 2-compartment kinetics model [8] :
where C is the amount of C-peptide in the central compartment of plasma (and tissues in rapid equilibrium with the plasma), and Y is the amount of C-peptide in the peripheral extra vascular compartment. C-peptide (and insulin) is secreted into the central compartment at rate S . Transport of C-peptide from the central to the peripheral compartment, and back, is described by k 1 and k 2 . Irreversible renal clearance of C-peptide from the central compartment via the kidney is modelled by k 3 [8] .
A steady-state assumption can be made to enable deconvolution of the insulin secretion rate from measured C-peptide concentrations. Under this steady-state assumption, it follows from equation 2 that the rate of C-peptide entering and leaving the peripheral compartment must be equal. Hence, substituting this equality into equation 1 and rearranging yields:
Since insulin is secreted in equimolar quantities with C-peptide, under steady-state conditions the rate of secretion of insulin is directly proportional to the measured concentration of C-peptide in the central compartment.
Statistical Analysis
Results are presented as medians (IQR) or numbers (%) as appropriate. Non-parametric data were log transformed to approximate normal distributions and compared using Student's t test. The Lilliefors test was used to assess the results of the transformations. p values <0.05 were considered statistically significant.
Results
Of the 88 babies recruited to the trial, 41 were of GA <32 weeks and had sufficient plasma from 1 or more of the samples for further analysis, totalling 54 samples taken at a median of 7 days after randomisation. Of these 41 babies, 20 were from the tight glycaemic control group, contributing 25 samples. The median birth weight was 839 g and gestation was 27 weeks ( tables 1 , 2 ).
BGC, plasma insulin, plasma C-peptide concentrations and insulin secretion decreased following randomisation ( fig. 1 ). There was no difference between tight glycaemic control and control groups in BGC [5. Of 54 samples, 41 were from singleton births. More babies from non-singleton births were male (70 vs. 39%) but were similar in GA, weight, postnatal age, and CRIB 2 score to babies from singleton births (p ≥ 0.69). The BGC was higher in the singleton group [8.6 (5.6-11.1) vs. 5.5 (4.8-7.5) mmol·l -1 , p = 0.03], but insulin secretion was not significantly different in babies from singleton compared with non-singleton births [9.1 (3.7-19.4 Data are presented as n (%) or medians (IQR). 
Discussion
This study determined insulin secretion (calculated from plasma C-peptide concentrations) in hyperglycaemic preterm babies randomised to tight glycaemic control or standard care. Insulin secretion in girls was more than double that in boys, despite similar clinical characteristics (plasma insulin and BGC) and no sex difference in the incidence of neonatal hyperglycaemia in babies eligible for the HINT trial [9] . The effect of sex on insulin secretion, as measured by C-peptide concentra- Data are presented as n (%) or medians (IQR). Nutritional data: from the day the sample was taken. PN = Parenteral nutrition; EN = enteral nutrition; TGC = tight glucose control group. tions, has not been reported previously in preterm babies [4] . The relatively higher C-peptide and insulin secretion in females could reflect lower insulin sensitivity compared with males or impaired renal clearance of Cpeptide. We were unable to calculate the glomerular filtration rate in these preterm babies. However, the rate has not been observed to be different between the sexes in preterm babies previously [11] . Several previous studies have also demonstrated sexual dimorphism in cardiovascular risk factors, such as blood pressure and heart rate variability, in preterm animals and babies [12, 13] .
Insulin Secretion in Preterm Babies
This study used C-peptide measurements, data that relatively few studies have reported for this population [4, 14] . C-peptide concentration is a more accurate indicator of insulin secretion than plasma insulin concentration due to its simple clearance kinetics. In particular, C-peptide is only cleared through the kidneys, in contrast with the multiple clearance paths of insulin [8] . Calculating the insulin secretion rate from C-peptide concentrations deconvolves insulin secretion from insulin clearance and exogenous insulin inputs using a clinically well accepted approach [8] . It is more accurate than peak plasma insulin or methods based on the area under the curve, which examine net insulin turnover subject to a range of clearance routes.
Differences in insulin concentrations and insulin sensitivity between the sexes have previously been observed during infancy and later in life. Plasma insulin and IGF-1 concentrations are higher in girls born at term than boys [15] . Women have been shown to have higher insulin sensitivity [16] , and postpubertal, premenopausal women are less likely than men to develop diabetes, a trend that reverses after menopause [17] . Potentially, the sex differences in insulin secretion seen in our study could be due to sex hormones, as oestrogen protects against β-cell apoptosis in mice [18] , and oestrogen replacement therapy reduces the incidence of type 2 diabetes in postmenopausal women [19] .
Preterm birth is associated with higher mortality and poorer neurodevelopmental outcome in boys than girls [20] . Animal studies have shown that in utero interventions, such as alterations of maternal diet, result in sexual dimorphism of cardiovascular risk factors such as insulin resistance and raised blood pressure [21] . Recent studies have also shown sexual dimorphism in cardiovascular risk factors after preterm birth in both animal models and human studies [12, 13, 22] . Girls may respond differently to antenatal glucocorticoids or preterm birth than boys. Insulin sensitivity is reduced in children born preterm [23] and adults [24] exposed to antenatal glucocorticoids. Placental 11β-hydroxysteroid dehydrogenase-2 activity following antenatal beta methasone is greater in girls than boys [25] , which may reduce the ability of beta methasone to increase insulin sensitivity in girls. As nearly all babies in this study were exposed to antenatal glucocorticoids, it was not possible to analyse the effect of antenatal glucocorticoids on insulin secretion.
Plasma insulin and C-peptide concentrations were also higher at randomisation, when all the babies were hyperglycaemic, suggesting that pancreatic insulin secretion in preterm babies is sensitive to BGC. Plasma insulin and C-peptide concentrations have previously been shown to decrease after insulin therapy to restore euglycaemia in a group of extremely preterm hyperglycaemic babies [4] , with similar C-peptide concentrations to the current study. In this study, insulin secretion was lower in babies receiving insulin infusion, suggesting suppression of endogenous secretion. However, there were insufficient samples to determine conclusively the effect of intravenous insulin therapy on endogenous insulin secretion.
There was no statistically significant difference in insulin secretion between babies fed enterally and parenterally, indicating that enteral feeds may not increase insulin secretion in preterm babies. Previous studies have observed higher fasting and postfeed concentrations of glucagon-like peptide-1, which has an incretin effect, in term and preterm babies [26] , but there are no data available on the effect of this on insulin secretion in preterm babies. In this study, we were unable to further investigate the effect of nutrition on insulin secretion in preterm babies due to the comparison of glucose (parenteral) and lactose (enteral) and the availability of daily totals of these sugars only. Moreover, babies receiving predominantly enteral feeds were more likely to be older than babies on parenteral feed. Insulin secretion is known to be enhanced or suppressed in adults by multiple variables, including BGC, nutritional intake and stress. Our finding of higher insulin secretion with higher BGC reflects other literature in preterm babies [5] . However, we did not find an association between insulin secretion and protein or total dextrose intake, plasma cortisol concentration or route of nutrition administration. This lack of association may be due to the retrospective nature of this study or may represent differences between preterm babies and adults; this requires further research.
The major assumption required for the calculation of insulin secretion is that of steady-state kinetics, an assumption which is considered necessary due to sampling limitations, as the small blood volume of extremely preterm babies limits the number of C-peptide measurements, and is reasonable in babies fed via parenteral infusions that do not tend to change dramatically from hour to hour. This assumption is perhaps less valid in enterally fed infants. However, when the analysis was repeated with samples only from infants who were mainly parenterally fed, the main study outcomes were unchanged. The study is also limited by its retrospective nature. However, given the scarcity of data in this extremely fragile cohort, it provides some insights into hyperglycaemic preterm infants otherwise not available.
Girls had higher insulin secretion at similar blood glucose and plasma insulin concentrations to male babies. This may reflect a difference in insulin sensitivity in hyperglycaemic preterm girls. Therefore, interventions to prevent or treat neonatal hyperglycaemia may not be equally effective in girls and boys.
